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ABSTRACT
Small chamber emissions studies have demonstrated that the substrate played an important
role in determining the rate of volatile organic compound (VOC) emissions from interior
latex paint. An empirical source model for a porous substrate was developed that takes both
the wet- and dry-stage emissions into consideration. Tests in the U.S. Environmental
Protection Agency's (EPA) Source Characterization Laboratory showed that common
interior surfaces such as gypsum board and carpet could adsorb significant amounts of latex
paint VOCs from the air, and that they were re-emitted very slowly. An IAQ model
incorporating the source model, an irreversible sink model, and the air movement data
obtained from tracer gas tests made satisfactory predictions for the VOC levels in a test
house.

INTRODUCTION
Over 1 billion gallons (~3.8Xl09 liters) of paint is sold in the United States each year. Of
this paint, more than 50% is interior paint which, in recent years, has followed the trend
towards water-based paint. Since the use of this paint can cause elevated concentrations of
volatile organic compounds (VOCs) in indoor environments, exposure of building occupants
to paint VOCs is of concern. It is generally believed that solvent evaporation from indoor
coatings involves two physical processes: evaporation and internal diffusion, and that
evaporation is the predominant mechanism early in the drying process (1, 2). A number of
source models have been developed to represent the emission rate based on either or both
mechanisms. Some examples are given in Table 1 with the symbols explained below: R =
emission factor; Mo = initial total VOC (TVOC) mass in the source; Ro, R1, and R2 =
initial emission factors; k, ki, and k2 = decay rate constants; t = time; ~ = gas-phase
mass transfer coefficient; Cv = initial total vapor pressure; M = TVOC mass remaining in
the source; C = TVOC concentration in indoor air; i.. = film thickness or thickness of
diffusion layer; M0 = VOC mass remaining in the source available for diffusion; M 00 =
initial VOC mass in the source available for diffusion; and D = solid- or liquid-phase
diffusion constant.
In the recent evaluation of VOC emissions from latex paint (3), we observed that the
substrate played a significant role in determining the emission rates, and that some common
interior surfaces such as carpet and gypsum board could strongly adsorb latex paint VOCs
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from the air. This paper presents source and sink models for use in predicting the indoor
concentrations when latex paint is applied to gypsum board.
Table 1 Selected Models for VOC Em1ss10ns from Indoor Coatings and Other Materials
Name

a

Expression

Type

= M 0 k e·kt

First-Order Model

R

Second-Order Model

R=

Double Expon. Model

R

= R1e-k

VB8 Model

R

= ~ (Cv M/M0 -

Diffusion Model (Dl)
Diffusion Model (D2)

R

Mainly Used For

Ref.

Empirical

Evaporation

(4)

Empirical

Both mechanisms

(5)

Empirical

Both mechanisms

(6)

Mass Transfer

Evaporation

(2)

R = 0.632/).. M0 (D/t)'h

Mass Transfer

Source Diffusion

(7)

= rc•'h/).. M 00 (D/t)'h

Mass Transfer

Source Diffusion

(8)

Ro/ [1 +(k/A) t Ro]
1

t

+ R2 e•k2 t
C)

VB: vapor pressure and boundary layer controlled emissions.

EXPERIMENTAL OBSERVATIONS
The test latex paint was purchased from a local store. According to the manufacturer's
Environmental Data Sheet, the paint contained 3.7% of VOCs by weight. Our formulation
analysis yielded a 4.5 % VOC content, in which ethylene glycol was the dominant
component (53%) followed by Texanol (30%), 2-(2-butoxyethoxy)ethanol (11 %),
propylene glycol (5%), and diethylene glycol (1 %). In preparing the test specimens, the
manufacturer's recommended method of application and film thickness were used.
A strong influence by substrate was observed in emissions testing conducted in 53-liter
stainless steel environmental chambers: the peak concentration was much lower when the
paint was applied to gypsum board than to stainless steel plates (Figure 1). Long-term tests
[at 23°C, 50% relative humidity (RH), 0.5 air change per hour (ACH), and a 0.5 loading
factor] showed that the emission factor for ethylene glycol from painted gypsum board was
still 40 µg/m 2/h at an elapsed time of 1 year. For individual VOCs, the gypsum board
seemed to have a stronger effect on ethylene glycol and propylene glycol (Table 2).
The loss of latex paint VOCs to common interior surface materials (i.e., the sink effect)
was studied in the same type of small chambers by first injecting the test compounds into
the chamber at a constant rate for 7 days and then purging the chamber with clean air.
Very strong adsorption was observed for every latex paint VOC tested (see Figure 2 as an
example). Results from mass balance calculations showed that, after purging with clean air
for 2 weeks, only 11 % of ethylene glycol adsorbed by the gypsum board was re-emitted.
The deposition velocity (i.e., first-order adsorption rate constant) was estimated from:
Adsorption Rate

= Wa I (6t S) = ka C

... (1)

where Wa = total mass adsorbed by the sink material; 6t = duration of dosing period; S =
area of the sink material; ~ = deposition velocity; and C = average chamber concentration
(i.e., average outlet concentration). For the loss of ethylene glycol onto gypsum board and
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carpet, the estimated deposition velocities were 1.5 and 2.4 m/h, respectively.
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On Stainless Steel Plate

On Gypsum Board

Compound
Applied
(mg/m2)

Emitted
(mg/m2)

Fraction
Emitted

Applied
(mg/m2)

Emitted
(mg/m2)

Fraction
Emitted

Ethylene Glycol

3906

4023

103%

3855

582

15%

Propylene Glycol

378

337

89%

372

59

16%

Butoxyethoxyethanol

813

758

93%

801

194

24%

Texanol

2191

1961

90%

2160

1305

60%

MODEL DEVELOPMENT
The goal was to develop a source model that could predict the VOC emissions for both
short- and long-term emissions from latex paint applied to porous materials such as gypsum
board. The proposed model is a combination of the first-order decay model and a diffusion
model (model Dl in Table 1) with an additional adjusting factor (or weighing factor):

R = Mv k exp(-kt) +a 0.632/J.. M0 (D/t)½

... (2)

where Mv = VOC mass available for evaporation; M0 = VOC mass available for
diffusion; and a = adjusting factor. The adjusting factor we chose was a = (1- e-kt)2. As
illustrated in Figure 3, adding a to the model is necessary because the original diffusion
model gives unrealistically high emission rates early on but, in reality, the diffusioncontrolled emissions can not become dominant until the paint film is dried. Since both J..
and Din the diffusion model are unknown, we combined them to give a single parameter,
f0 = 0.632 0•1.t / J.. (diffusion constant), which bears the unit of h'h. Equation 2 can then be
simplified to:

R

= Mv k exp(-kt) +a f0 M0

/ t'h

... (3)

where M0 is a variable and is governed by:
... (4)

The chamber concentration, C, can then be computed from:
dC/dt = LR - N C

... (5)

where L=the loading factor and N =air exchange rate. Equations 3 to 5 can be used in
indoor air quality (IAQ) simulations but they must be solved simultaneously. Further
simplification can be made to eliminate Equation 4. Since a only has an effect in a short
period of time and will quickly approach 1 afterwards, we can set a = 1 to obtain an
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approximate solution to Equation 4 given that M0

M0

= M00 exp(-2 f0

= M00 when t = 0:

fl'')

... (6)

Substituting Equation 6 into 3, we obtain the following expression for emission factor:

R

= Mv k exp(-kt) + a f0 M00 exp(-2 f0 t'/2) / t½

... (7)

This source model can be inserted directly into Equation 5 to compute concentrations.
Numerical examinations showed that the error caused by this approximation of Equation 6
was insignificant.

MODEL EVALUATION AND PRELIMINARY VALIDATION
There are four parameters in this model: Mv, k, M00 , and f0 • Since the sum of Mv and
M00 is the amount of voe applied to the substrate, only one of them needs to be
determined if the formulation of the product is known. Table 3 presents the estimated
parameters for one chamber test. The model fits the data very well in the whole data range
(Figure 4).
Table 3. Estimated Model Parameters for a Chamber Test
Mv (mg/m2)

k (h-1)

Ethylene Glycol

19.1

1.05

3304

0.00235

Propylene Glycol

21.8

0.0814

299

0.00374

Butoxyethoxyethanol

47.5

0.165

643

0.00203

Texanol

404

0.0635

1465

0.00173

Compound

M0 (mg/m2)

foo (h-'/2)

Preliminary validation of the source model was made by painting the gypsum board walls of
one bedroom in a test house with the latex paint tested in the small chambers and
monitoring the voe concentrations in three rooms for 1 month. The air exchange rate was
determined by the tracer gas decay method (four tracer releases a day). The air flows
through the air handling system were measured in the return grille and each register. The
IAQ mass balance model used was:
... (8)

where Vi = volume of zone i; Ci = concentration in zone i; Cj = concentration in zone j;
Si = area of newly painted wall; R = emission factor calculated from Equation 7 (for
source room only); Qji = air flow from zone j to zone i; Qij = air flow from zone i to zone
j; Ai = area of the sink in zone i; and k. = deposition velocity for wall loss (assumed to be
same for all zones).
Using the model parameters obtained from small chamber testing and an average deposition
velocity of 2.0 m/h for ethylene glycol, this IAQ model made reasonable predictions for the
voe concentrations in different zones (Figure 5).
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DISCUSSION
One of the desirable features of the proposed model is that it uses actual VOC mass applied
to the surface, which can be calculated from formulation analysis and the amount of paint
applied. None of the existing empirical models gives realistic amounts of VOC available
for emissions. For instance, the amount of ethylene glycol applied in a chamber test was
2332 mg/m2, but the double exponential model gave an emittable mass of 429 mg/m2; on
the other hand, the second-order model would allow an infinite amount of VOC to be
emitted. The other desirable feature of this model is that the parameters obtained from
short-term testing can be used to predict the long-term emissions (Figure 6). The drawback
of this model is that the first-order decay model used for the evaporation-controlled
emissions is empirical. We are currently trying to replace it with a mass transfer model.
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Figure 2. Adsorption of ethylene glycol
by gypsum board in a 53-L chamber

Figure 1. TVOC emissions from latex
paint applied to different substrates
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Figure 4. Modeling ethylene glycol
emissions from painted gypsum board

Figure 3. The role of the adjusting factor on
diffusion-controlled emission rate
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Figure 5. IAQ Simulation for the latex paint
experiment in the test house (Solid lines are
model predictions)
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Figure 6. Prediction of long-term ethylene
glycol emissions with model parameters
obtained from short-term test
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